Inherited mutations in voltage-gated sodium channels (VGSCs; or Nav) cause many disorders of excitability, including epilepsy, chronic pain, myotonia, and cardiac arrhythmias. Understanding the functional consequences of the disease-causing mutations is likely to provide invaluable insight into the roles that VGSCs play in normal and abnormal excitability. Here, we sought to test the hypothesis that disease-causing mutations lead to increased resurgent currents, unusual sodium currents that have not previously been implicated in disorders of excitability. We demonstrated that a paroxysmal extreme pain disorder (PEPD) mutation in the human peripheral neuronal sodium channel Nav1.7, a paramyotonia congenita (PMC) mutation in the human skeletal muscle sodium channel Nav1.4, and a long-QT3/SIDS mutation in the human cardiac sodium channel Nav1.5 all substantially increased the amplitude of resurgent sodium currents in an optimized adult rat-derived dorsal root ganglion neuronal expression system. Computer simulations indicated that resurgent currents associated with the Nav1.7 mutation could induce high-frequency action potential firing in nociceptive neurons and that resurgent currents associated with the Nav1.5 mutation could broaden the action potential in cardiac myocytes. These effects are consistent with the pathophysiology associated with the respective channelopathies. Our results indicate that resurgent currents are associated with multiple channelopathies and are likely to be important contributors to neuronal and muscle disorders of excitability.
Introduction
Voltage-gated sodium channels (VGSCs; or Nav) are crucial to the generation and propagation of the all-or-none action potentials (APs) in excitable cells, such as neurons and muscle. More than 200 different missense mutations in 7 VGSCs have been identified as causing disorders of excitability, or channelopathies, in humans (1, 2) . Although these channelopathies are relatively rare, understanding the functional consequences of the disease mutations provides invaluable insight into the roles that VGSCs play in normal and abnormal excitability. Mutant channels have been extensively studied in nonexcitable heterologous expression systems, providing substantial knowledge; however, a major concern is that the functional properties of VGSCs in neurons and muscle cells are not always accurately reproduced in nonexcitable cells. A prime example of this phenomenon is VGSC resurgent currents. Although resurgent VGSC currents have been recorded from neurons, it has not been possible to record resurgent currents in nonexcitable heterologous expression systems (3) (4) (5) , and it is not known whether VGSC mutations that cause channelopathies alter resurgent currents.
Resurgent sodium currents were first described in cerebellar Purkinje neurons (3) and more recently have been observed in dorsal root ganglion (DRG) neurons (4) . Normally, VGSCs open, and subsequently rapidly inactivate, upon membrane depolarization. Inactivated channels cannot reopen until they have been substantially hyperpolarized for many milliseconds; this is the basis for the AP refractory period (6) . In contrast, resurgent currents reopen during the repolarization of the membrane potential and therefore are likely to contribute to spontaneous and high-frequency firing (7) . These unusual sodium currents are proposed to result from a putative intracellular blocking factor that binds to open VGSCs and prevents classical VGSC inactivation, but unbinds during repolarization at potentials at which channels normally remain inactivated (8) . In both cerebellar Purkinje and DRG neurons isolated from Nav1.6 knockout mice, resurgent currents are greatly reduced, which indicates that Nav1.6 is normally the predominant generator of resurgent currents in neurons (3, 4) . However, artificial slowing of VGSC inactivation via toxin application can induce resurgent currents in Purkinje neurons isolated from Nav1.6 knockout mice, which indicates that VGSCs other than Nav1.6 may have the capacity to generate resurgent sodium currents (9) . In this study, we hypothesized that disease mutations that slow or destabilize sodium channel inactivation lead to increased resurgent currents. We have previously shown that recombinant Nav1.6 channels expressed in DRG neurons can generate resurgent currents in approximately 60% of the transfected neurons (4) , which indicates that DRG neurons should be an ideal cell background for testing our hypothesis. Although DRG neurons express multiple VGSCs, it is worth noting that not all isoforms are natively expressed in DRG neurons (10) . Adult DRG sensory neurons can express combinations of Nav1.1, Nav1.6, Nav1.7, Nav1.8, and Nav1.9. In addition, Nav1.2, Nav1.3, and Nav1.5 are expressed, at least at low levels, in embryonic rat DRG. However, because the cellular background of DRG neurons, which may include expres-sion of particular kinases and auxiliary subunits, is appropriate to generate resurgent sodium currents in Nav1. 6 , we proposed that cultured DRG neurons might provide an opportune expression system for investigating the capability of other wild-type and mutant VGSCs to generate resurgent current. Using this expression system, we showed for the first time to our knowledge that disease mutations in 3 different VGSC isoforms, associated with 3 distinct disorders of excitability, increased resurgent sodium currents. Based on our data, we propose that resurgent sodium currents play important and previously unrecognized roles in disorders of excitability.
Results
A Nav1.7 inactivation gate mutation implicated in PEPD increases resurgent sodium currents. We first asked whether a mutation in Nav1.7 that slows inactivation and causes paroxysmal extreme pain disorder (PEPD; ref. 11) generates resurgent sodium currents. Highly expressed in DRG neurons, Nav1.7 channels are essential in nociception, as evidenced by single-point missense mutations causing a spectrum of pain syndromes, including PEPD, and by nonsense mutations resulting in human insensitivity to pain (12) . Although Nav1.7 channels have not previously been shown to produce resurgent currents, PEPD mutations destabilize inactivation, shifting voltage dependence and decreasing the rate of inactivation (11, 13) . Therefore, we hypothesized that PEPD mutations induce resurgent currents. We studied the Nav1.7 PEPD mutation I1461T, located within the highly conserved D3-D4 inactivation particle (IFMT) critical for VGSC inactivation (14, 15) . Modified wild-type Nav1.7 and Nav1.7-I1461T (referred to herein as Nav1.7r and Nav1.7r-I1461T, respectively) channels that generate currents that can be pharmacologically isolated were expressed in adult rat DRG neurons ( Figure 1, A and B) . In addition to the recombinant channel of interest, neurons were also cotransfected with a second plasmid encoding for both EGFP, to help identify transfected neurons, and a specific Nav1.8 shRNA, to minimize endogenous Nav1.8 currents (see Methods for details). In DRG neurons, the I1461T PEPD mutation impaired inactivation ( Figure 1 , C and D, and Table 1 ), but did not alter activation (data not shown), of Nav1.7r channels. The persistent component, measured at the end of a 50-ms pulse to -10 mV, was also significantly larger for Nav1.7r-I1461T chan- Table 1 Biophysical properties of wild-type and mutant sodium channels -61.8 ± 1.3 E (n = 37) 1.07 ± 0.07 E (n = 35) 1.04 ± 0.25 E (n = 13) 2.0 ± 0.1 E (n = 20 of 30) Nav1. 5 -88.1 ± 1.7 (n = 20) 0.9 ± 0.07 (n = 20) 0.2 ± 0.08 (n = 15) 0.6 ± 0.1 (n = 9 of 18) Nav1.5-F1486L -80.1 ± 1.6 (n = 18) 1.31 ± 0.14 E (n = 15) 0.64 ± 0.15 E (n = 10) 2.0 ± 0.4 E (n = 8 of 17) Nav1.4r -77.3 ± 2.1 (n = 11) 0.34 ± 0.03 (n = 11) 0.17 ± 0.13 (n = 10) None detected (n = 0 of 11) Nav1.4r-R1448P -91.1 ± 2.4 E (n = 20) 3.92 ± 0.25 E (n = 21) 0.95 ± 0.28 E (n = 20) 4.2 ± 0.6 E (n = 13 of 20) Nav1.6r -71.3 ± 1.9 (n = 17) 1.02 ± 0.1 (n = 17) 0.69 ± 0.16 (n = 11) 2.4 ± 0.3 (n = 8 of 14) Nav1.6r-I1477T -58.6 ± 1.2 E (n = 18) 1.25 ± 0.09 (n = 18) 7.4 ± 0.68 E (n = 14) 15.3 ± 3.4 E (n = 7 of 14)
A Midpoint voltage of the steady-state inactivation curve, as determined with a standard Boltzmann distribution fit. B Time constant for current decay during +10 mV step depolarization. C Persistent current measured at 50 ms during step depolarization to +10 mV, reported as a percentage of peak current amplitude elicited by the step depolarization. D Resurgent sodium current was measured with the protocol shown in Figure 2E and reported as a percentage of the peak current amplitude elicited by a step depolarization to -10 mV. The average resurgent current amplitude was only calculated from those cells in which resurgent current was detected. E P < 0.05 versus respective wild-type channel.
Figure 1
Currents generated by recombinant Nav1.7 channels expressed in DRG neurons. (A) Representative Nav1.7r current traces recorded from a transfected DRG neuron. (B) Representative Nav1.7r-I1461T current traces recorded from a transfected DRG neuron. Currents were elicited with step depolarizations to voltages ranging from -80 to +40 mV from a holding potential of -100 mV. (C) The painful mutation I1461T slowed the rate of inactivation of Nav1.7r. Black trace, Nav1.7r; red trace, Nav1.7r-I1461T. Currents were elicited with a step depolarization to +10 mV. (D) Steady-state inactivation curves for Nav1.7r (black) and Nav1.7r-I1461T (red) channels expressed in DRG neurons. Cultured adult rat DRG neurons were transfected with the recombinant VGSC construct and Nav1.8 shRNA, and recordings were done in the presence of 500 nM TTX.
nels than for Nav1.7r channels (Nav1.7r, 0.2% ± 0.2 % of peak transient current, n = 13; Nav1.7r-I1461T, 1.0% ± 0.3%, n = 22; P < 0.05). These changes were identical to those observed for wild-type and I1461T Nav1.7 channels expressed in HEK293 cells (13) . However, in DRG neurons, both Nav1.7r and Nav1.7r-I1461T channels also generated resurgent sodium currents. Resurgent sodium currents were observed in 5 of 21 neurons transfected with Nav1.7r ( Figure  2 , A and B), with an average amplitude - expressed as a percentage of the peak transient sodium current elicited with a test pulse to -10 mV - of 1.0% ± 0.5% for these 5 neurons. Conversely, 20 of 30 neurons expressing Nav1.7r-I1461T channels produced resurgent sodium current ( Figure 2 , C and D). The frequency of resurgent current with Nav1.7r-I1461T channels was significantly increased (P < 0.05, χ 2 test) compared with Nav1.7r channels. Moreover, the relative amplitude of the resurgent current (2.0% ± 0.1%) was also significantly greater for Nav1.7r-I1461T than for Nav1.7r channels (P < 0.05). Because all PEPD mutations characterized to date result in slower inactivation of Nav1.7 (11, 13) , we predict that all PEPD mutations are likely to increase resurgent current generation.
A PEPD mutation that increases resurgent currents increases AP repetitive firing in simulated neurons. Based on work done in cerebellar Purkinje neurons (3), we expected increased resurgent sodium currents generated by PEPD mutations to result in spontaneous and/or repetitive APs in DRG neurons. To test this, we performed computer simulations of DRG neuron excitability. We used an established model of DRG neuron excitability (16) that had been implemented in the NEURON simulation environment (17) and, with modifications only to the appropriate sodium channel formulation, simulated and evaluated the impact of the I1461T mutation and resurgent currents on AP firing. Mathematical models of Nav1.7 and Nav1.7-I1461T currents with and without a resurgent current blocking factor were developed using a multistate Markovtype model of Nav1.7 ( Figure 3 ). The resurgent current blocking factor was implemented using the strategy developed by Khaliq et al. (18) . The forward and reverse transition rate expressions for the blocking factor were adjusted (see Supplemental Table 2 ; supplemental material available online with this article; doi:10.1172/ JCI40801DS1) in order to match the relative amplitude of the experimentally observed resurgent currents. In our model, the blocking factor-induced resurgent current was 1.0% of the peak transient current in the modeled Nav1.7 conductance and 2.0% of the peak transient current in the modeled Nav1.7-I1461T conductance ( Figure 3C ). The computer simulations of AP firing in DRG neurons indicated that, whereas the destabilization of inactivation caused by the I1461T mutation was sufficient to decrease the threshold for eliciting an AP, inclusion of the resurgent current blocking factor led to high-frequency trains of APs ( Figure 3D ). It is important to note that even when the transition rate expressions for the blocking factor were adjusted so that the wild-type resurgent current was doubled (2% of peak), a 70-pA stimulus still only elicited a single AP in the model neuron. These results indicate the resurgent current blocking factor and the I1461T mutations act synergistically to increase neuronal excitability and that resurgent currents probably contribute to the extreme pain sensations associated with PEPD mutations.
A cardiac long-QT3/sudden infant death syndrome mutation that slows inactivation increases resurgent Nav1.5 current and broadens AP waveform in a modeled myocyte. Disease mutations that impair inactivation have also been identified in several other VGSCs, including Nav1.1 and Nav1.3 mutations associated with epilepsies, Nav1.4 mutations associated with skeletal muscle myotonias, and Nav1.5 mutations associated with cardiac arrhythmias (1, 2). More than 50 different disease mutations that impair inactivation have been characterized (see Supplemental Table 1 for a partial listing). However, these mutations have all been characterized in heterologous expression systems that do not support the generation of resurgent sodium currents. Therefore, we next used the DRG expression system to determine whether the Nav1.5 mutation F1486L (19) , associated with long-QT3/sudden infant death syndrome (LQT3/SIDS), generates increased resurgent currents. As was previously shown in HEK293 cells (19) , the F1486L mutation, which is also located in the IFMT inactivation particle, slowed the rate of inactivation, increased the fraction of persistent currents, and shifted the voltage dependence of activation in the depolarizing direction (Table 1 ).
Figure 2
Resurgent currents are produced by recombinant Nav1.7 channels expressed in DRG neurons. (A and B) Representative current traces recorded from DRG neurons expressing Nav1.7r that did not (A) and that did (B) generate resurgent currents. (C and D) Representative current traces recorded from DRG neurons expressing Nav1.7r-I1461T channels that did not (C) and that did (D) generate resurgent currents. Resurgent currents were larger on average for Nav1.7r-I1461T than for Nav1.7 channels. Currents are magnified ×30 relative to the peak transient current (elicited with a pulse to -10 mV) to emphasize the resurgent current components. However, 9 of 18 DRG neurons expressing wild-type Nav1.5 generated resurgent currents ( Figure 4 , A and B). In our expression system, the Nav1.5-F1486L LQT3/SIDS mutation significantly increased the relative amplitude of the resurgent currents (Table 1) . Of 17 neurons expressing Nav1.5-F1486L channels, 8 generated resurgent currents, with an average relative amplitude of 2.0% ± 0.4% ( Figure 4 , C and D). As resurgent sodium currents are activated during repolarization, we expected increased resurgent currents in Nav1.5 to broaden the AP, increase the QT interval, and thus contribute to the potentially lethal cardiac arrhythmias associated with LQT3/SIDS mutations. Mathematical modeling of resurgent sodium currents and computer simulations of a cardiac myocyte (20) indicated that this may indeed be the case ( Figure 5) .
A D4/S4 paramyotonia congenita mutation in Nav1.4 that replaces a charged residue and uncouples fast inactivation generates resurgent sodium currents. We next asked whether a mutation that slows inactivation of Nav1.4 and causes paramyotonia congenita (PMC) induces resurgent sodium currents. We studied the R1448P mutation (21) , which alters the outermost extracellular charged residue in the sodium channel voltage sensor that couples channel activation and inactivation (22) . Interestingly, although this mutation slows the inactivation of Nav1.4 currents by approximately 10-fold ( Figure  6A ), it causes a hyperpolarizing shift in the voltage dependence of inactivation (Table 1 ). In a previous study, resurgent sodium currents were not detected in any of 41 DRG neurons transfected with wild-type skeletal muscle sodium channel Nav1.4r (4) . Again, we did not detect resurgent currents in any of 11 neurons expressing Nav1.4r ( Figure 6B) ; however, 13 of 20 neurons expressing Nav1.4r-R1448P channels generated resurgent currents ( Figure 6C ), with an average relative amplitude of 4.8% ± 0.7% of peak. Thus, at least for Nav1.4, slowing the rate of inactivation seemed to be crucial to the production of resurgent sodium currents, and the impact of the mutation on the voltage dependence of inactivation may be less important. It should be noted that although the R1448P mutation does not alter the voltage dependence of activation, it slows deactivation (the rate at which open channels transit to the closed state; refs. 21, 23), and slower deactivation might also contribute to enhanced resurgent currents, especially in combination with slower inactivation. Resurgent currents generated by Nav1.4 are likely to increase repetitive AP firing in skeletal muscle, which is one of the hallmarks of PMC. However, it should be noted that patients with PMC can also experience episodes of muscle weakness or paralysis in addition to myotonia (24) . Although resurgent currents could clearly contribute to myotonic activity associated with PMC, incomplete inactivation observed with mutant PMC channels is likely to be an important factor in muscle weakness associated with PMC (2) .
A homologous inactivation gate mutation engineered into Nav1.6 channels dramatically increases resurgent currents and destabilizes transition to an inactivated state. Because Nav1.6 appears to be the predominant generator of resurgent currents in cerebellar Purkinje neurons and DRG neurons (3, 4), we next compared the amplitude of resurgent currents generated by Nav1.6 channels with those produced by the Nav1.4, Nav1.5, and Nav1.7 disease mutations. Resurgent currents were detected in 8 of 14 DRG neurons expressing wildtype Nav1.6r channels, with an average relative amplitude of 2.4% ± 0.3% of the peak current ( Figure 7A ). This relative amplitude is similar to that produced by the Nav1.7r-I1461T PEPD mutant and the Nav1.5-F1486L LQT3/SIDS mutant, but slightly smaller than that produced by the Nav1.4r-R1448P PMC mutant ( Figure  7C ). This indicates that the resurgent currents produced by the disease mutants are indeed likely to have important impact on cellular excitability. Remarkably, gain-of-function disease mutations, to date, have not been identified in Nav1.6 channels. To determine the potential impact of mutations in Nav1.6 that impair inactivation, we next asked if a mutation in Nav1.6 (I1477T) corresponding to the I1461T mutation in Nav1.7 could increase resurgent sodium currents generated by Nav1.6. The Nav1.6r-I1477T mutation shifted the voltage dependence of inactivation in the depolarizing direction, slowed the rate of inactivation and significantly
Figure 3
Computer simulation of sodium conductances and DRG neuron excitability. (A) Diagram of Markov models for VGSC conductances. An 8-state Markov model was used for simulation of VGSC conductances without resurgent currents. C1-C3, closed (nonconducting) states; O, open (conducting) state; I1-I4, inactivated (also nonconducting) states. A 9-state Markov model incorporated the resurgent current blocking factor. The OB state (boxed) represents channels blocked by this factor. (B) Simulated Nav1.7 (black trace) and Nav1.7-I1461T (red trace) currents elicited by a voltage step from -100 mV to +10 mV. (C) Simulated resurgent currents generated by model Nav1.7 (black trace) and Nav1.7-I1461T (red trace) conductances. Model currents were elicited with the standard resurgent current voltage protocol shown in Figure 2E . (D) In simulated DRG neurons with Nav1.7 channels, 70 pA depolarizing current is required to elicit an AP with or without resurgent current simulation. Conversely, only 40 pA is needed to elicit an AP in a simulated neuron with Nav1.7-I1461T channels, and a train of high-frequency APs is generated when the modeled Nav1.7-I1461T channels generate resurgent currents.
increased the persistent sodium current (Table 1) . Resurgent currents were observed in 7 of 14 neurons expressing Nav1.6r-I1477T channels. Notably, these currents were approximately 8-fold larger than those produced by either Nav1.6r or Nav1.7r-I1461T channels, with an average relative amplitude of 15.3% ± 3.4% ( Figure  7C ). These data suggest that mutations impairing inactivation of Nav1.6 may be lethal as a result of the proclivity of Nav1.6 to generate resurgent currents.
Discussion
Our data show, for the first time to our knowledge, that Nav1.4, Nav1.5, and Nav1.7 channels have the capability to generate resurgent currents, and that the relative resurgent sodium current amplitudes observed with the disease mutations that impair inactivation are of approximately the same magnitude as the resurgent currents generated by Nav1.6 under control conditions in cerebellar Purkinje neurons and DRG neurons (3, 4 ). An extensive series of studies on cerebellar Purkinje neurons indicates that resurgent currents have a major impact on excitability, contributing to spontaneous firing and accelerating the rate of repetitive firing of APs (3, 7, 8, 18, 25) . As a consequence, it is predicted that the resurgent currents associated with the inherited neuronal and muscle channelopathies could markedly affect AP firing in neurons and muscle and contribute to disease pathophysiology. Indeed, our computer simulations of a DRG neuron and cardiac myocyte indicated that resurgent currents could substantially exacerbate the effects of the disease mutations on cellular excitability.
Our data provided further evidence that the sodium channel isoforms differ in their proclivity to produce resurgent sodium currents. We showed that Nav1.6 was more inclined to generate resurgent currents than Nav1.4, Nav1.5, or Nav1.7. Furthermore, the identical mutation produced a greater increase of resurgent currents in Nav1.6 than in Nav1.7 (compare Nav1.6r-I1477T data with that of Nav1.7r-I1461T; Table 1 and Figures 2 and 7) . Although studies of Nav1.6 knockout mice strongly indicate that Nav1.6 is the predominant generator of resurgent currents in cerebellar Purkinje and DRG neurons (3, 4), resurgent currents have been detected in Purkinje and other central nervous system neurons from Nav1.6 knockout mice (26) . Nav1.2 channels have been shown to produce resurgent currents when expressed in DRG neurons, albeit in only
Figure 4
Resurgent currents are produced by Nav1.5 channels. (A and B) Representative current traces recorded from DRG neurons expressing Nav1.5 that did not (A) and that did (B) generate resurgent currents. (C and D) Representative current traces recorded from DRG neurons expressing Nav1.5-F1486L channels that did not (C) and that did (D) generate resurgent currents. Resurgent currents were larger on average for Nav1.5-F1486L than for Nav1.5 channels. Currents were elicited with the standard resurgent current protocol shown in Figure 2E and are magnified ×30 relative to the peak current amplitude.
Figure 5
Computer simulations of Nav1.5 currents and cardiac myocyte APs. (A) Simulated Nav1.5 (black trace) and Nav1.5-F1486L (blue trace) currents elicited by a voltage step from -100 mV to +10 mV. (B) Simulated resurgent currents generated by model Nav1.5 (black trace) and Nav1.5-F1486L (blue trace) conductances. Model currents were elicited with the standard resurgent current voltage protocol shown in Figure 2E . The modeled resurgent current was 0.9% of the peak current for Nav1.5 and 1.7% of the peak current for Nav1.5-F1486L. (C) Simulated APs from a modeled cardiac myocyte. There was little difference between the APs of a model cell with Nav1.5 that did not include resurgent currents (black trace) and those of a cell with Nav1.5 that did include resurgent currents (green trace). Nav1.5-F1486L simulated without resurgent current generation broadened the AP (red trace), and this effect was exacerbated in the simulation of Nav1.5-F1486L with resurgent current generation (blue trace).
2 of 25 transfected cells (27) . Although it is not known whether Nav1.1 and Nav1.3 channels produce resurgent currents, mutations that slow the rate of inactivation have been identified in these isoforms in patients with epilepsy (28, 29) , and it is therefore conceivable that resurgent currents could contribute to the pathophysiology of some inherited epilepsies. In our study, we showed that a mutation in the voltage-sensing segment 4 of the fourth domain, as well as mutations in the IFMT inactivation particle, induced enhanced resurgent currents, which suggests that any mutation that slows the rate of open channel fast inactivation might be able to induce resurgent currents. However, it is important to note that the rate of inactivation cannot be the only determinant of resurgent current production. Nav1.8 currents are slower to inactivate than are Nav1.7r-I1461T channels. Regardless of this, cultured rat DRG neurons treated with tetrodotoxin (TTX) that produced large endogenous Nav1.8 currents, but no recombinant currents, did not produce resurgent currents (n = 11; see Supplemental Figure 1 ). Thus, other factors must also contribute to the inclination of specific VGSC isoforms to generate resurgent currents.
The data presented here, in conjunction with the findings of our previous study (4) , clearly show that DRG neurons have the appropriate cellular environment for production of resurgent currents. Conversely, adult DRG sensory neurons are not the native tissue for expression of Nav1.4 and Nav1.5, and it is not known whether cardiac and skeletal muscle cells have the appropriate cellular environment for the production of resurgent currents. Data from cerebellar Purkinje neurons indicate that the auxiliary sodium channel β4 subunit may be the putative blocking factor crucial for generation of resurgent currents with Nav1.6 channels (30). Previous work has demonstrated that DRG neurons and cardiac and skeletal muscle all express high levels of β4 (31) . However, although the β4 subunit may be necessary, it does not appear to be sufficient. Phosphorylation of the sodium channel, the β4 subunit, or possibly an unidentified protein also seems to be required (32) , at least in cerebellar Purkinje neurons. This indicates that changes in kinase and phosphatase activity are likely to affect the generation of resurgent currents. Therefore, even if the conditions in normal cardiac and skeletal muscle are not appropriate for generation of resurgent currents, under specific, possibly pathological, conditions, these cells might express the appropriate accessory subunits and kinases. Because our optimized expression system used adult DRG neurons, in which Nav1.4 and Nav1.5 are not normally expressed, it would be of great interest to determine whether Nav1.4 and Nav1.5 wild-type and mutant channels produce resurgent sodium currents in skeletal and cardiac muscle, respectively, under either normal or pathophysiological conditions.
It is important to note that not all of the DRG neurons expressing recombinant channels capable of generating resurgent currents produced detectable resurgent currents. This further indicates that the cellular environment is a crucial determinant of resurgent current production. Regional differences in the properties of sensory afferents that affect resurgent current generation might contribute to the phenotypical association of pain with particular body
Figure 6
A PMC mutation induces resurgent currents in Nav1.4. (A) The paramyotonia R1448P mutation caused a pronounced slowing of the rate of Nav1.4r inactivation. Currents were elicited with a step depolarization to +10 mV. (B) Resurgent currents were not detectable in any of the neurons expressing Nav1.4r channels. (C) Conversely, the majority of neurons expressing Nav1.4r-R1448P channels generated robust resurgent currents. Resurgent currents were elicited with the protocol shown in Figure 2E and are magnified ×20 relative to the peak current amplitude.
Figure 7
Nav1.6 channels generate large resurgent currents. (A and B) Representative resurgent currents recorded from a neuron expressing Nav1.6r (A) and Nav1.6r-I1477T (B) channels. Current traces are magnified ×20 and ×5, respectively, relative to the peak current. (C) Comparison of the relative resurgent current amplitude, expressed as a percentage of peak transient current, for wild-type and mutant VGSCs. *P < 0.05 versus the wild-type channel for the given isoform. regions in PEPD. Interestingly, cells that generated detectable resurgent currents generally generated larger peak transient currents (Supplemental Table 4 ). Although this difference was only significant for 3 of the 7 channel constructs that generated resurgent currents, it might suggest that cellular factors underlying resurgent current generation could also affect peak current expression. However, more than 40 cells with peak transient current amplitudes greater than 20 nA were recorded that lacked detectable resurgent currents. Furthermore, the relative amplitude of resurgent currents is poorly correlated with peak transient current amplitude (Supplemental Figure 3) . At this time, we do not know how DRG neurons that do and do not produce resurgent currents differ in terms of β subunit expression and/or kinase activity. Our optimized DRG expression system could be useful in identifying cellular factors that modulate resurgent currents.
Our data clearly show that resurgent sodium currents are likely to play a role in the functional consequences of inherited neuronal and muscle channelopathies. In addition, our data - in conjunction with the previous study indicating that β-pompilidotoxin can artificially induce resurgent currents in cerebellar Purkinje neurons (9) - indicate that any manipulation that slows or destabilizes inactivation has the potential to induce resurgent currents. Many posttranslational modifications have been reported to slow the rate of inactivation or increase the amplitude of persistent sodium currents, including hypoxia (33), phosphorylation (34) , altered calcium signaling (35) , G protein activation (36) , and oxidation (37) . We propose that these alterations could also result in abnormal resurgent current generation. The induction of resurgent sodium currents likely contributes to the more extreme electrophysiological changes and disease sequelae that can be associated with both inherited and acquired disorders of neuronal and muscle excitability.
Methods

Sodium channel constructs and mutagenesis
These studies used cDNA constructs encoding the human Nav1.4 open reading frame (38) , the human Nav1.5 open reading frame (39), the mouse Nav1.6 open reading frame (40) , and the human Nav1.7 open reading frame (41) . To aid in isolation and characterization of sodium currents generated in DRG neurons by recombinant VGSCs, cDNA constructs for Nav1.4, Nav1.6, and Nav1.7 were modified with a single point mutation to confer high resistance to TTX (referred to herein as Nav1.4r, Nav1.6r, and Nav1.7r, respectively; Ki, approximately 100 μM; ref. 42) using the QuikChange XL (Stratagene) mutagenesis kit, as previously described (35, 43) . Nav1.5 channels are natively resistant to TTX (Ki, about 2 μM); therefore, their sensitivity to TTX was not modified. Additional channelopathy constructs (Nav1.4r-R1448P, Nav1.5-F1486L, Nav1.6r-I1477T, and Nav1.7r-I1461T) were made by inserting the respective mutation into the TTX-resistant cDNA constructs using the QuikChange XL mutagenesis kit following the manufacturer's instructions (Stratagene). Mutations were confirmed by sequencing.
cDNA and cell culture and transfection
Adult rat DRG neurons were harvested and cultured as previously described (43, 44) . Animal procedures were approved by the Indiana University School of Medicine Institutional Animal Care and Use Committee. Briefly, rats were rendered unconscious by exposure to CO2 and decapitated. Cells were treated with collagenase (1 mg/ml) and papain (1 mg/ ml), dissociated in DMEM supplemented with 10% fetal bovine serum, and plated on glass coverslips coated with polyornithine and laminin. Cultures were maintained at 37°C in a 5% CO2 incubator, and media was changed every 2 days during experimental incubation periods. The Helios Gene Gun (Bio-Rad Laboratories) was used to transiently cotransfect rat DRG neurons, as described previously (35, 43, 45, 46) . Cells were cotransfected with a plasmid encoding the recombinant VGSC and an internal ribosome entry site-EGFP (IRES-EGFP) vector plasmid that also encoded a Nav1.8 shRNA (see below for details).
Electrophysiology
DRG recordings were obtained from cells 20-72 hours after transfection. Whole-cell patch-clamp recordings were conducted under voltage-clamp mode at room temperature (about 22°C) after obtaining a Giga-ohm seal (1-20 GΩ) using a HEKA EPC-10 amplifier (47). Data were acquired on a Windows-based Pentium IV computer using the Pulse program (version 8.65; HEKA Elektronik). Fire-polished electrodes (0.9-2.5 MΩ) were fabricated from 1.7-mm capillary glass using a Sutter P-97 puller (Novato), and the tips were coated with sticky wax (KerrLab) to minimize capacitive artifacts and increase series resistance compensation. The standard electrode solution consisted of 140 mM CsF, 10 mM NaCl, 1.1 mM EGTA, and 10 mM HEPES. The standard extracellular bathing solution contained 130 mM NaCl, 30 mM TEA Chloride, 1 mM MgCl2, 3 mM KCl, 1 mM CaCl2, 0.05 mM CdCl2, 10 mM HEPES, and 10 mM d-glucose. Recording solutions were adjusted using d-glucose to maintain physiological pH and osmolarity values. Cells on glass coverslips were transferred to a recording chamber containing 250 μl bathing solution. Transfected cells were selected based on their ability to express EGFP. Cells not expressing EGFP were also used for nontransfected control experiments and analysis. Voltage-clamp protocols were used to assay the biophysical properties of the recombinant sodium currents in the presence of 500 nM TTX to knock down native TTX-sensitive sodium currents. Offset potential was zeroed before patching. Capacitive artifacts were canceled using the computer-controlled circuitry of the patch clamp amplifier. Series resistance errors were always compensated with 75%-90% series resistance compensation and were typically less than 5 mV during voltage-clamp recordings. Leak currents were linearly canceled by digital P/-5 subtraction, whereby currents elicited by 5 pulses that are one-fifth of the test pulse are subtracted from the test pulse. Cells were held at a membrane potential of -100 mV. Membrane currents were filtered at 5 kHz, sampled at 20 kHz. Whole-cell patch recordings did not last more than 45 minutes, and cells were not held in the standard bathing solution for more than 1 hour. Inward sodium currents had a reversal potential of approximately +65 mV, corresponding closely to the calculated Nernst potential observed during the standard current-voltage (I/V) protocol. Data were not recorded before 3 minutes after whole-cell configuration had been established to allow adequate time for the electrode to equilibrate. Once recording started, cells underwent a series of 60 pulses of 20 ms each to -10 mV, to ensure rundown of any residual endogenous Nav1.9 current (42). I/V relationships were determined by an incremental depolarizing step protocol, testing every +5 mV for 50 ms, from -80 to +50 mV. To determine the fraction of channels transitioning to a fast-inactivated state, a double-pulse protocol (h∞/V) was used that incrementally conditioned the channels from -120 to -10 mV for 500 ms before testing for the fraction of channels available at -10 mV. Resurgent currents were assayed with a 2-step protocol that initially depolarized the membrane to +30 mV for 20 ms before testing for inward resurgent sodium currents by hyperpolarizing the membrane potential in -5-mV increments from 0 mV to -80 mV, for 100 ms, before returning to the holding potential. Experimental voltage-clamp data were analyzed using Pulsefit (version 8.65; HEKA Elektronik), Origin (version 7.0; OriginLab Corp.), and Microsoft Excel software programs. Data from individual steady-state recording conditions were fit using a standard single-phase Boltzmann distribution for voltage-dependent activation (m∞) and steady-state fast-inactivation (h∞) data. Midpoint (V1/2) and slope factors (Z) were calculated using a standard single-phase Boltzmann distribution fit according to Equation 1.
Equation 1
Resurgent sodium current quantification and analysis Cells were assayed for the ability to produce resurgent sodium currents using a step protocol ( Figure 2E ) that initially conditioned the cells to +30 mV for 20 ms, from a holding potential of -100 mV, before repolarizing the membrane potential from 0 to -80 mV (in -5-mV increments) to test for resurgent current; cells were then returned to their holding potential. Resurgent sodium currents display distinct features (25) , and these were used to determine whether a cell generated resurgent currents. For example, resurgent currents display a unique voltage dependence in which the peak resurgent currents are elicited by moderately hyperpolarized potentials relative to the holding potentials during the repolarizing steps. For all cells identified with resurgent current in the current study, maximal peak currents during the repolarizing pulses were produced within a window of potentials from -35 to -50 mV ( Figure 2F ) and were first observed around -10 mV. Additionally, these currents displayed unique gating kinetics within the window of potentials with a noticeably slower onset and decay phase. This is in contrast with classic VGSC tail currents, which are observed instantaneously following hyperpolarizing steps and decay within a few milliseconds. In approximately 50% of the cells, resurgent currents were not detected (for example, see Figures 2, 4, and 6 ). Currents were analyzed with leak subtraction in PulseFit and were filtered at 1,000 Hz to reduce noise but maintain the current waveform. The resurgent current amplitude was measured relative to the leak-subtracted baseline (Supplemental Figure 2) . The relative amplitude of the resurgent current was calculated as a percentage of the peak transient current by multiplying the peak resurgent current by 100 and then dividing by the peak transient current generated during a test pulse to -10 mV from a holding potential of -100 mV. The average resurgent current amplitude for each VGSC construct was only calculated using data from those cells in which resurgent current was detected. Recordings contaminated with endogenous TTX-resistant currents, determined from steady-state inactivation plots (see below), were not used for further analysis. Cells that expressed recombinant currents with peak transient sodium current amplitudes that were less than 5 nA were also excluded from the overall analysis because of uncertainties associated with measuring resurgent current amplitude in cells that had small peak current amplitudes.
Isolation of recombinant VGSC currents in DRG neurons
The goal of these experiments was to isolate and record the sodium currents generated by the recombinant VGSCs. As described above, the recombinant channels either were naturally resistant (Nav1.5), or were mutated to be resistant (Nav1.4, Nav1.6, Nav1.7), to TTX. Endogenous DRG TTXsensitive channels were blocked with 500 nM TTX. DRG neurons can also express endogenous Nav1.8 and Nav1.9 currents, which are resistant to TTX. Nav1.9 currents are not observed under the culture and recording conditions we used (45, 46, 48, 49) , and were therefore not an issue. Although Nav1.8 currents are substantially decreased with time in culture (50), we used additional measures to minimize contamination of the recordings by Nav1.8 currents. Nav1.8 currents were knocked down using a targeted shRNA plasmid (pLL3.7; targeting sequence, GATGAGGTCGCTGCTA-AGG) to silence native rat NaV1.8 gene expression via RNAi (51) . Additionally, the Nav1.8 shRNA was in an IRES-EGFP vector, allowing transfected cells to be identified by their green fluorescence. The shRNA plasmid and recombinant sodium channel constructs were transfected at a ratio of 2:1. Under control conditions (less than 48 hours in culture), Nav1.8 current amplitude averaged 34.9 ± 4.8 nA (n = 42). To determine the efficiency of Nav1.8 shRNA knockdown, neurons were transfected with TTX-sensitive Nav1.7 plasmid plus the Nav1.8 shRNA. Cells with green fluorescence were recorded in the presence of TTX (to block both endogenous and recombinant TTX-sensitive currents in this control experiment), and the remaining TTX-resistant current, which must be generated by endogenous TTX-resistant channels, was measured (n = 17). Nav1.8 and Nav1.9 produce currents with distinctive kinetic and voltage-dependent properties that can be readily distinguished from each other and from TTX-sensitive currents (10, 48) . In the 17 cells examined, Nav1.9 currents were not observed, and the Nav1.8 current amplitude averaged 0.5 ± 0.3 nA. Thus, endogenous Nav1.8 currents were reduced by greater than 98% under our experimental conditions (Supplemental Figure 1, A and B) . In addition, because Nav1.8 currents have distinctive kinetic and voltage-dependent properties, contamination by Nav1.8 current can be determined for each individual cell expressing recombinant current. The midpoint of the voltage dependence of inactivation for Nav1.8 currents is -34.7 ± 2.0 mV, substantially more depolarized than any of the recombinant constructs investigated in the present study (see Table 1 ). Analysis of the voltage dependence of inactivation curve can therefore be used to determine the absolute and relative amplitude of the recombinant VGSC current and the endogenous Nav1.8 current for each individual cell (Supplemental Figure 1C) . Cells that expressed Nav1.8 currents with amplitudes greater than 15% of the recombinant current amplitude were excluded from the final data analysis. In the 150 cells expressing TTX-resistant recombinant VGSCs that were used in the final analysis, the peak recombinant current amplitude averaged 36.2 ± 2.1 nA, and the peak residual Nav1.8 current amplitude averaged 0.3 nA. It is important to note that resurgent sodium currents were not observed in a control group of neurons transfected with Nav1.8 shRNA and treated with TTX that did not express recombinant TTX-resistant VGSC current (n = 11; Supplemental Figure 1E ). Furthermore, in another control group of cultured rat DRG neurons treated with TTX that produced large endogenous Nav1.8 currents (average peak amplitude, 32 ± 8 nA; n = 11), resurgent currents were not observed (Supplemental Figure 1D) . These data confirmed that (a) the use of TTX and the Nav1.8 shRNA allowed effective isolation of the current produced by recombinant VGSCs in transfected DRG neurons and (b) the resurgent currents recorded from DRG neurons transfected with Nav1.8 shRNA and TTX-resistant recombinant channels in the presence of 500 nM TTX were indeed generated by the recombinant channels.
Computational simulations
Simulations were performed to explore the impact that resurgent currents generated by VGSCs and disease mutants might have on AP firing. The basic approach was to use established models of DRG neuron and cardiac myocyte excitability that had been implemented in the NEURON simulation environment (17) and, with modifications only to the appropriate sodium channel formulation, simulate and evaluate the impact of the disease mutation and/or the resurgent current blocking factor.
DRG neuron simulation
The DRG neuron model used was developed previously (16) and included the following voltage-dependent currents: a delayed rectifier potassium current (IKDR), an A-type potassium current (IKA), and Nav1.8, slowly inactivating TTX-R current. The only changes made to the model were to the Nav1.7 voltage-dependent sodium current in the model. The sodium current changes were implemented in a Markov model based on the Hodgkin-Huxley formulation of Nav1.7 previously used (16) . The Markov for-mulation is more amenable to implementation of both the I1461T effects and the resurgent blocking factor (18) . Simulations were run with (a) 100% Nav1.7, (b) 100% Nav1.7 with resurgent current, (c) 50% Nav1.7 and 50% Nav1.7-I1461T, and (d) 50% Nav1.7 and 50% Nav1.7-I1461T, both with resurgent current. Mutant channels were simulated with 50% wild-type channels because the PEPD mutations displayed autosomal dominance.
Nav1.7. The diagram for the Markov model used for the simulated voltage-gated sodium conductances is shown in Figure 3A . The model includes 3 closed states, a conducting open state, and 3 inactivated states. The Markov model used for the simulated voltage-gated sodium conductance with resurgent current included 1 additional state, the open-blocked state (Figure 3A, boxed region) . The resurgent current factor was implemented as done for simulation of resurgent currents in cerebellar Purkinje neurons by Khaliq et al. (18) , with slight modifications to the transition rate expressions (see Supplemental Table 2 ).
Nav1.7-I1461T. Characterization of the functional impact of the I1461T mutation in HEK293 cells (13) and DRG neurons (present study) showed that this mutation destabilized inactivation, shifting the voltage dependence of inactivation in the depolarizing direction and slowing the rate of open-state inactivation. The measured values of channel availability and time constants of inactivation from these studies were used to reformulate expressions for the vertical transitions in Figure 3A (between the inactivated states and the closed and open states). The horizontal transitions were unchanged (Supplemental Table 2 ). Figure 3B compares the modeled Nav1.7 and Nav1.7-I1461T currents elicited with a step depolarization to +10 mV. The resurgent current was added to the Nav1.7-I1461T conductance model in the exact way that it was added to the wild-type Nav1.7 conductance model. Figure 3C compares the resurgent currents generated by Nav1.7and Nav1.7-I1461T simulated conductances.
Cardiac myocyte simulation
We modified mathematical models of cardiac AP firing (20, 52) to simulate the impact of the F1486L LQT3/SIDS mutation and resurgent currents. The cardiac myocyte model (see http://senselab.med.yale.edu/ModelDB/ ShowModel.asp?model=3800) was previously implemented by I. Jacobson in the NEURON simulation environment (17) . The only changes made to the model were to the voltage-dependent sodium current (Naf in the original model). Simulations were run with (a) 100% Nav1.5, (b) 100% Nav1.5 with resurgent current, (c) 50% Nav1.5 and 50% Nav1.5-F1486L, and (d) 50% Nav1.5 and 50% Nav1.5-F1486L, both with resurgent current. Mutant channels were simulated at with 50% wild-type channels because the LQT3/SIDS mutations displayed autosomal dominance. Nav1.5. We developed a Markov model based on the Hodgkin-Huxley formulation of Nav1.5 in the original model (20, 52) . The Markov formulation was more amenable to implementation of both the F1486L effects and the resurgent blocking factor. Intermediate inactivation states were not included in this formulation, as it was unclear how to model potential interactions between the resurgent current blocking factor and intermediate inactivation states. This is reasonable, as the F1486L mutation may have little or no impact on intermediate inactivation (19) . The diagram for the Markov model used for the simulated voltage-gated sodium conductances is shown in Figure 3A , and the transition rate expressions for Nav1.5 are provided in Supplemental Table 3 .
Nav1.5 F1486L. Our data on the F1486L mutation indicate that it produces moderate destabilization of inactivation, shifting the voltage dependence of inactivation by approximately 8 mV in the depolarizing direction, slowing the rate of inactivation, and slightly increasing persistent currents. We modeled these effects by altering the transition rates from the closed and open state into the inactivated states (see Supplemental Table 3 ). Simulated Nav1.5 and Nav1.5-F1486L currents are shown in Figure 5A .
Nav1.5 and Nav1.5 F1486L with resurgent current. The resurgent current factor was modeled to be similar to that of Nav1.7, but with slight modifications to the overall expression to account for the relative resurgent current amplitude observed with Nav1.5 and Nav1.5-F1486L channels in our experiments (Supplemental Table 3 ). Simulated resurgent currents are shown in Figure 5B .
Statistics
All data are mean ± SEM. Comparison of frequency was determined using χ 2 test. Statistical significance was assessed with Microsoft Excel using 2-tailed Student's unpaired t tests. Statistical significance of difference was accepted at P values less than 0.05.
